Abstract -A population ecological host-parasite model is used to evaluate the potential impact of clonal parasitic laying workers of the Cape honeybee, Apis mellifera capensis on populations of Apis mellifera scutellata host colonies in apiaries and in the wild. The model includes three basic life history parameters: reproductive rate of the host colonies, transmission efficiency of the parasite and the death rate of parasitised colonies. The population dynamics of host and parasites are computed for 100 generations after an initial infestation with parasitic workers. The model reveals that infestations are likely to be fatal for apiary populations irrespective of beekeeping activities compensating for colony losses due to parasitation. Wild A. m. scutellata populations are however less likely to be affected by parasitic laying workers and stable equilibria between host and parasite occur over a wide range of the parameter space. Although it is unlikely that the parasitic clone represents a threat to the conservation of biodiversity, even low frequencies of parasitic A. m. capensis workers in wild honeybee population can cause a permanent threat to beekeeping activities.
INTRODUCTION
The Cape honeybee (Apis mellifera capensis Escholtz) is known as a subspecies of Apis mellifera L. with an extremely high reproductive potential for laying workers (Onions, 1912 (Onions, , 1914 . Laying workers produce female offspring parthenogenetically (Anderson, 1963) and can establish themselves as pseudoqueens in queenless colonies (Velthuis et al., 1990; Hepburn, 1994; Hepburn and Radloff, 1999, 2002) . The latter trait enables these workers to parasitise other colonies, which is the biological basis for the so called "Capensis calamity" (Allsopp, 1992) . This calamity was characterized by the loss of thousands of honeybee colonies of the neighbouring subspecies Apis mellifera scutellata Lepeletier in South African beekeeping operations throughout the last decade (Allsopp, 1992; Allsopp & Crewe, 1993) . It was a major disaster to the honeybee industry in the northern provinces of the Republic of South Africa (Hepburn and Allsopp, 1994) . Moreover the Capensis calamity may cause a serious problem for wild, endemic honeybee populations and threaten biodiversity if they cause extinction of wild populations. The basic reproductive cycle of parasitic laying workers appears to be well understood . Parasitic laying workers of the Cape honeybee (Apis mellifera capensis) spread into colonies of A. m. scutellata after massive transports of A. m. capensis colonies by migratory beekeepers from the Cape into the northern provinces of South Africa. Parasitic A. m. capensis workers enter the host colonies, establish themselves as pseudoqueens, cause the loss of the host colony's queen, and parthenogenetically produce female worker offspring. The worker produced eggs can escape policing (Pirk et al., 2002) and are preferentially fed by the host's workers (Calis et al., 2002) . With increasing frequency of parasitic workers the colonies loose efficiency, dwindle and eventually die or abscond (Martin et al., 2002) .
Several models have dealt with the spread of the thelytoky trait of parasitic workers in honeybee populations (Greeff, 1996a (Greeff, , 1996b (Greeff, , 1997 Moritz, 1986 Moritz, , 1989 Moritz et al., 1998) . The theoretical work suggested that thelytoky of laying workers should be advantageous under a variety of ecological constraints. In particular long queenless periods in the life history should favour thelytoky, because workers can replace the queen. Moritz (1989) argued that the risk of losing a queen might be an important factor favouring thelytoky. However, other factors can also cause long queenless phases in the colony. For example the ability of A. m. capensis pseudoqueens to suppress queen rearing (Wossler, 2002) may be an intrinsic factor extending queenless periods and favouring thelytoky.
The past modelling was based on the assumption that both subspecies can interbreed and form panmictic populations. Indeed there is a natural hybrid zone between the two subspecies with clear indications of hybridisation (Hepburn and Crewe, 1991 a,b; Crewe et al., 1994; Moritz et al., 1998 (Radloff et al., 2002) . Apparently, A. m. capensis sexual reproductives are not produced in the parasitic laying worker strain causing the Capensis calamity. As a consequence there is a genetic separation of the parasite and the host population, and population genetic models are rendered inappropriate to deal with this problem. The genetically based theoretical models need to be replaced by host-parasite models. I therefore use a very simple host -parasite population model to illustrate the dynamics of an A. m. capensis infestation in a finite population of A. m. scutellata colonies and to compare situations found on apiaries of beekeepers with those under natural conditions. The goal will be to screen the parameter space and see under which conditions the parasite will spread or decline. This is helpful in order to elucidate if the parasitic strain not only poses a risk for beekeeping but also for wild populations.
THE MODEL
Classic host-parasite population dynamics can be modelled with Nicholson-Bailey (1935) type models. These can easily be modified to match the "capensis calamity" case. Let us assume a finite population, in our case an apiary or a wild endemic population, of K colonies, consisting of h 0 healthy uninfested colonies and i 0 infested colonies. Let K also be the maximum number of colonies at the apiary or the carrying capacity of the habitat under natural conditions. Let us now follow the dynamics of this infestation in this population considering the following parameters:
Transmission rate
The transmission efficiency of the infestation, e, depends on the search and invasion efficiency of parasitic workers from already infested colonies. The transmission rate at a given time t after the initial infestation, m t , is dependent on the density of healthy colonies (h t /(h t +i t )) at the apiary or in the population and e, the transmission efficiency.
Growth rate of healthy colony
The growth rate, r, of a healthy colony reflects the number of successful swarms issued per colony. Under beekeeping conditions at the apiary, this reflects the creation of healthy colonies, e.g. through colony splits added to the apiary to compensate for losses. For example, a growth rate of r = 0.2 indicates that 20% of the healthy colonies are added to the apiary through a split procedure.
Dwindling syndrome
Infested colonies have not been observed to issue reproductive swarms and instead suffer the dwindling syndrome. The infestation of a host colony with parasitic workers eventually causes its death at a "dwindling" rate, d. This is the probability that an infested host colony dies or absconds and leaves the population or the apiary.
Taking these three very simply basic features of reproduction at the colonial level, we can apply classical host-parasite population ecological modelling (e.g. Nicholson and Bailey, 1935) to the problem. We can compute the number of healthy colonies at time t after the initial infestation
where h t = number of healthy colonies at time t h t-1 = number of healthy colonies at time t-1 i t-1 = number of infested colonies at time t-1 r = growth (replacement) rate of healthy colony K = carrying capacity of the habitat; total number of colonies at the apiary m = transmission rate. For the number of infested colonies at time t we obtain:
where d = dwindling rate.
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Thus in conclusion, we model a hostparasite system based on the growth rate of healthy colonies (r), the mortality of infested colonies (d), and transmission efficiencies of the infestation (e). Equations (1) to (3) were analysed with a standard spread sheet software (EXCEL Microsoft ® ) which also produced the graphic presentations used for the interpretation.
RESULTS
By screening the parameter space, one can quantify the impact of the spread of the disease and the dynamics of the host population. In order to illustrate these systematically, let us look at each parameter in turn, by keeping the other two constant. Let us then focus on the parameter space typical for the apiary and that typical for the natural habitat. The modelling is based on finite populations of 100 colonies, one of which is infested at generation 0. We look at the dynamics over a time period of t = 100 generations. In general, the number of colonies K does not affect the resulting dynamics qualitatively.
Host growth rate
Uninfested colonies should reproduce according to their natural growth rate, which is given by the rate of successful reproductive swarming. At the apiary, this figure relates to the number of healthy colonies produced by the beekeeper. Clearly the number of available host colonies determines the spread of the parasite. rapidly increases after an initial infestation with A. m. capensis laying workers. The transmission efficiency is set high, at e = 1, because beekeeping management facilitates the transmission of laying workers (e.g. through splitting colonies, proximity of colonies at the apiary, drifting of workers after migratory beekeeping). The dwindling rate is set rather low (d = 0.1) to reveal the impact of the parasitic workers more clearly. We see that the initial increase of the infested colonies is almost unaffected by the host's growth rate. Throughout the tested parameter space of r, the peak number of infested colonies in generation 9 is close or equal to 80. Thus irrespective of the hosts's growth rate, the rate of parasitised colonies rises dramatically after a new infestation. Likewise the number of healthy colonies dramatically decreases (almost to zero) within this period of time (Fig. 2) .
Transmission efficiency
In the apiary situation, this is clearly the end of the story. In the natural condition where we would allow for a longer time span, we see however, that oscillations are possible in spite of the high transmission efficiency and stable equilibria. With decreasing transmission efficiencies the equilibria are higher and the amplitude of the oscillations decrease, eventually getting into steady state equilibria as shown in Figure 3 . In this setting the transmission efficiency is less than in Figure 1 with an arbitrarily chosen value of e = 0.2. This situation might reflect the natural population, where healthy colonies are nesting at distant locations, scattered over the habitat, and are not concentrated in apiaries. Because the new infestation is not anthropogenically facilitated, the probability of finding suitable host colonies (transmission Population dynamics of parasitised colonies 237 efficiency e) and the transmission rate is clearly reduced. If we ignore possible effects of secondary infestations, the dwindling rate should not be affected and is kept constant at d = 0.1 to allow for comparisons We see that the various steady state equilibria are not strongly affected by the growth rate r. Only with a growth rate of zero, do we see a marked effect of this parameter on the host population, which seems rather trivial. We can conclude from this first set of models, that we are to expect differences between the apiary and the natural population. However, the growth rate of the host appears not to be a very strong parameter generating these differences.
Dwindling
Dwindling was kept low and constant in Figures 1-3 . The death rate can vary between d = 0 (all survive) and d = 1 (all die). Figure 4 shows an example setting for an arbitrarily chosen growth rate of r = 0.5 and the apiary transmission efficiency of e = 1. It is no surprise to see the number of host colonies to be constant at its initial value if the transmission efficiency equals the 238 R.F.A. Moritz dwindling rate (d = e = 1 in this case). With an increasing survival of parasitised colonies (decreasing d), the numbers of host colonies decrease. They first establish steady state, and then (with d < 0.8) the oscillating patterns typical for NicholsonBailey type models already observed in Figure 2 . It is also clear that the impact of the parasitic colonies on the host population is most dramatic if d = 0 and all infested colonies survive. If we look at the condition in the natural population with low transmission efficiencies (e = 0.2 the "natural" case setting), we see that the impact of the parasites disappears over a wide parameter space. Obviously the parasite is bound to die out, whenever the transmission efficiency is less then the survival of the infested colony (e < d).
The eager beekeeper
One might argue that increasing the growth rate (e.g. by replacing lost colonies with healthy ones) might be a realistic strategy to cope with the capensis problem. This setting is modelled in Figure 5 where in every generation the number of healthy colonies is tripled (r = 3). The dwindling rate is kept at d = 0.1. We see that even for relatively low transmission efficiency, the effect is negligible. The difference to a low reproductive growth rate of r = 0.5 (every second colony produces a successful swarm) is also rather unspectacular (Fig. 5b) . The frequencies and the amplitudes of the oscillating equilibria are modulated but the mean values differ only slightly if at all. Most important, as already stressed before, the initial decline of host colonies is virtually unaffected by the growth rate.
DISCUSSION
Although the model is rather crude and ignores many aspects of the life history of both host and parasite, several general aspects become very clear. The capensis calamity, with thousands of colonies disappearing, is something we would not expect to occur in natural populations. Not surprisingly, the transmission rate is the most essential factor for the spread of parasitic laying workers. If colony density is low and host colonies are difficult to find, the parasitic clone cannot spread. If more colonies "dwindle" away before they can infest new colonies, the parasitic clone must go extinct. At the apiary the conditions are fundamentally different. Beekeeping activities concentrate both healthy and parasitised colonies at large scale at apiaries. Transmission efficiency at the apiary is extremely high (Neumann et al., 2001; Reece, 2002) . Splitting techniques and exchange of frames and bees among colonies tremendously increases the transmission efficiency to values close to e = 1. In fact, the capacity of parasitic workers to spot host colonies does not need to be very high at all, because beekeeping operations facilitate the spread of parasitic workers. But this is not novel and has been recognised already by Hepburn and Allsopp (1994) . So what do we learn from the model? The main message is, that the capensis phenomenon is unlikely to develop into a biodiversity problem for endemic wild honeybee populations. As long as the dwindling of infested colonies exceeds the transmission efficiency, problems should remain locally constrained. Only if the number of managed honeybee colonies exceeds the number of honeybee colonies Population dynamics of parasitised colonies 241 in wild populations may problems occur. This may be a typical situation in many European countries with a high density of beekeepers, but may occur only locally in South Africa with large wild honeybee populations (Hepburn and Radloff, 1999) . In most cases large colony aggregations are due to migratory beekeeping, where beekeepers move large apiaries following specific nectar flows. This results in an extremely patchy distribution of managed colonies over time and space with a limited impact on wild populations.
The modelling also shows that both steady and oscillating equilibria between host and parasite are possible over a wide range of the parameter space. It is this that should be of concern for the apiarist. Parasitic worker strains are unlikely to cause extinction of local wild honeybee populations. Wild populations however, are likely to maintain these parasitic strains for long periods of time. As soon as a single parasitic worker from the odd infested colony in the wild infests an apiary and successfully reproduces, it will spread immediately among the colonies, due to the loss of the transmission handicap in the natural situation. Thus in short, though biodiversity may not be at stake, the prospects for sustainable large scale extensive beekeeping are meagre as long as parasitic workers are around.
Résumé -La dynamique de population du phénomène de l'abeille du Cap : impact des clones d'ouvrières pondeuses parasites dans les ruchers et les populations naturelles. Les ouvrières pondeuses de l'abeille du Cap (Apis mellifera capensis Escholtz) peuvent s'établir comme « pseudo-reines » dans des colonies d'abeilles domestiques étrangères et, en tant que parasites sociaux, monopoliser la reproduction de ces colonies. Cette capacité a été à l'origine du problème dénommé « la calamité capensis », qui a causé de grosses difficultés à l'apiculture dans les provinces du nord de la république d'Afrique du Sud. Des centaines de colonies se sont effondrées après que les abeilles du Cap ont été apportées de la région du Cap vers le nord du pays par l'intermédiaire de la transhumance des ruches. On pouvait craindre que, par ces transhumances, l'abeille du Cap ne conduise à la perte de colonies non seulement chez les apiculteurs mais aussi dans les populations sauvages d'abeilles. Un modèle écologique de population (simulation 3) montre comment des populations naturelles d'abeilles et des populations élevées par les apiculteurs sont affectées par des ouvrières parasites. Le modèle repose sur le taux de croissance de colonies saines (r), le taux de mortalité de colonies infestées (d), ainsi que sur l'efficacité de transmission du parasite (e). Il suit la logique d'un modèle classique de Nicholson-Bailey (1935) pour les relations hôte-parasite. Le modèle montre clairement que le taux de croissance de la colonie hôte n'a que peu d'influence sur la dynamique de population de l'hôte et du parasite (Figs. 1 et 2) . Lorsque l'efficacité de transmission est faible (e = 0,2), un équi-libre stable s'établit entre l'hôte et le parasite (Fig. 3) . Lorsque l'efficacité de transmission est élevée (cas typique des situations rencontrées sur un rucher), on arrive à des réductions drastiques de la population hôte, mais des équilibres oscillants s'établissent néanmoins entre l'hôte et le parasite (Fig. 4a) . Tant que l'efficacité de transmission est plus faible que le taux de mortalité des colonies infestées (e < d), la population hôte n'est pas touchée (Fig. 4a) . Un triplement du taux de croissance de la population hôte saine (par exemple par introduction de colonies achetées) n'a lui non plus aucune action sur l'effondrement du rucher (Figs. 5a et b) . Au total les modèles montrent que l'efficacité de transmission du parasite sur un rucher est le paramètre le plus important pour la propagation des abeilles parasites. La proximité des ruchers ainsi que les pratiques apicoles telles que la constitution de nuclei, la transhumance, l'échange des cadres favorisent la propagation du parasite. En conditions naturelles l'efficacité de transmission est très réduite puisque les colonies sont dispersées dans l'habitat, que leur densité est faible et qu'elles ne font l'objet d'aucune manipulation apicole. Il faut donc s'attendre à ce que le problème de l'abeille du Cap reste confiné aux ruchers des apiculteurs sans devenir une menace pour les abeilles endémiques. Mais les abeilles parasites constituent une menace latente pour l'apiculture du fait que les populations sauvages peuvent propager les ouvrières parasites.
